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Exotic States and X(3872)

« Hadrons: particles made of quarks and gluons.

o mesons and baryons
o exotic states: tetraquarks, pentaquarks, glueballs

and hybrids \

4

charmonium state molecule

« X(3872): the first exotic state discovered in 2003 by
the Belle experiment.
different explanations for its structure:
charmonium state
DO and anti-DO* molecule
tetraquark
their admixture

tetraquark




X(3872) as a probe of the QGP

* The interaction between QGP and X(3872)

o Coalescence
Coalescence mechanisms could enhance the
X(3872) production yield.

0 Screening
Due to Screening effects, a longer distance
between the quarks and antiquarks of X(3872)
could lead to a higher dissociation rate.

*  Why do we want to study the X in HIC?
o Learn about the nature of X(3872):
= acompact tetraquark configuration with a radius
~0.3 fm?
= a molecular state with a radius greater than 1.5 fm?
o Establish the first observation of X(3872) in Pb-Pb
collisions
o Explore the QGP mechanisms

screening effects




»How to study the interaction between QGP and X(3872)?

For both pp and PbPb:

o preparation: data & simulation

o event selection: single variable optimization & multi-variable ML

M Ot i Vat i O n o efficiency correction

o cross section measurement

& Strategy

o Nuclear Modification Factor (RAA) calculation

»@Goals for summer project:

For pp

o calculate the ratio of cross sections




Compact Muon Solenoid (CMS)

CMS is a general purpose detector

©)

©)

It has a cylindrical shape with 15m diameter and
21m in length

Formed of sub-detector layers; most relevant for
this project:

o muon chambers
o silicon trackers

Particles are reconstructed using an algorithm
combining the signals provided by the
subdetectors

A trigger system decides in real time whether to
record events or to discard them

CMS DETECTOR

Total weight : 14,000 tonnes
di

erall diameter : 15.
Overall length ~ :28.7
Magnetic field  :3.8T

———— Muen
— Electron

== == Phot

mmmmmmmmmmm
through CMS

Charged Hadron (e.g. Fion)
— = — - Neutral Hadron {e.g. Neutron)
lon

llllll

Calorimeter

Soler

== ~
=
o~ | -
\
o,
F=r—% ==
= ——=====: % ¢ L
==S====c===2=- 4 —SE5
" o 2




Data & Simulation

+ pp and PbPb data collected by CMS in LHC Run3 (/s = 5.36T eV)
0 pp: 2024 (455pb~1) -> in this study
o PbPb: 2023 (1.72nb™1), 2024 (1.67nb""), 2025 (ongoing) -> for future study

*  Monte Carlo (MC) simulation

o simulations done with detector conditions of each year
« Candidate reconstruction

o select pairs of muons (u*u~) and pairs of tracks (1™ 1 7) originating from a

common point




Muon & Track Selection

EI Soft muons:
« normalized x2 < 1.8
* Hits:
tracker layers > 6
pixel Layers > 1
* Displacement from vertex:
dz < 35cm

dxy < 4cm

U Acceptance region:

s pr = 35GeV &Inl < 1.2
e pr =(547-189 x|n|) GeV & 1.2 <|n| < 2.1
e pr = 1.5GeV &|nl <24

O HLT matching:
Path: “HLT PPRefL1DoubleMu@_vé6”
Filter: “hltL1fL1sDoubleMu@L1FiltereddPPRef”
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Q Quallty
High purity tracks
* Opr/Pr <01
* N, (pixel + tracker hits) > 11
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O Acceptance:
° pPr > 0.5GeV
* Inl < 24

Di-muon system

Q Fiducial region: E
 pr > 5GeV |
« ly]l < 24

O Opposite muon charges
0 Common vertex probability > 1%

O System’s mass within 0.15 GeV from J/¥ mass




X(3872) & P(2S)

Decay channels:

XB3872) > Jp+p—o Pt +h + T+ 10
X(B3872) > J/Y + T+ + T — Pt + U + T+ + TT

WR2S) —->Jp+mt+T > Pt + P +T0H+T0

Sideband region is defined as
[3.6,3.66] && [3.72,3.83] && [3.91,4.0] GeV
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Variables for X(3872)
selection

-
Normalized Flight Length: 3D distance between the primary

vertex and the secondary vertex where X(3872) is formed,
normalized by its uncertainty

\

\_
(
Normalized Flight Length in 2D: distance in the transverse
plane between the primary vertex and secondary vertex,

normalized by its uncertainty

J
<

.
4
Pointing Angle (a): opening angle between the PV -> SV flight
vector and the reconstructed X(3872) candidate momentum

S
<

AN

\_
>
Projected Pointing Angle (8): opening angle between the
reconstructed X(3872) momentum and the PV -> SV vector

\projected onto the transverse plane (xy)

Ve

dR: angular distance between each pion track and J/{

-

AN




Variable distributions for Signal and Background

- sideband region is defined as [3.6,3.66] && [3.72,3.83] && [3.91,4.0] GeV
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Pre-selection cuts

« pre-cutl: B_chi2cl > 0.003 « pre-cut2: B_Qvalueuj < 0.2 && pre-cuti
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Optimization

»@oal : discriminate signal from background

»Method : compare the performance and figure of merit
(FOM) from different cuts
* FOM is calculated for Pp(2S) and X(3872) separately.

* The max FOM of X(3872) is considered as “best cut”.

FOM = fsxSwmc
VfsxSmc+fpxB
f _ Sdata _ B(signal region)
ST Swne B = B(sideband region)
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Optimization of Different Variables
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Mass Distribution after Optimal Cuts
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Mass Distribution after Optimal Cuts

« optimal cut3: B_norm_svpvDistance_2D < 1.030 « optimal cut4: B_trk1dR<0.639
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Mass Distribution after Optimal Cuts

« optimal cut5: B_trk2dR<0.64
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Cross Section

A = N (Acc cuts)
~ N(GEN)

B N (All cuts)
~ N(Acc cuts)

€

~ N
O = AxexBRxL

N : Yield of signal <- Fit

A : acceptance <- MC

€ : efficiency <- MC

BR : branching fraction <- PDG
L : luminosity <- CMS

18



_o(pp — X(3872) + anything) x BR(X(3872) —» J/yno*Tmo™)
~ o(pp - w(2S) +anything) x BR(w(2S) - J/yotmo™)

Ratio of

R N x(3872) X Ay 25) X €y (25)

Cross Section times Ny @2s) x Ax(3872) X €X(3872)
Branching Fraction

- BR(X(3872) - J/wmo*tm™) has large uncertainties
according to PDGJ[1]
* a previous study based on CMS Run1 data calculated

this ratio

19

[1]S. Navas et al. (Particle Data Group), Phys. Rev. D 110, 030001 (2024)



Systematic Uncertainties from Fitting

Method1 ¢ Method?
P(2S) : double gaussian (01, 05) «  P(2S) : double gaussian
X(8872) : double gaussian (Coq, Co»y) * X(3872) : double gaussian
background : 3rd order Chebychev polynomial * background : 3rd order Chebychev polynomial
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Systematic Uncertainties from Fitting

Method3
P(2S) : double gaussian - Total systematic uncertainties from fitting

X(3872) : single gaussian
background : 4th order Chebychev polynomial

are the quadrature sum of the maximum

uncertainties of signal and background
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Statistic & Systematic Uncertainties

+  Systematic uncertainties from alternative fitting methods

« Statistic uncertainties from fitted data

Table1 : Systematic Uncertainties

I T N N P

Method1 0.46% 4.89%
Method?2 0.09% 14.5%
Method3 1.02% 0.15%

Total 1.12% 14.5%

Table?2 : Statistic Uncertainties

e L

Fitting 1.01% 6.70%




Result & Comparison

Events / (0.0025)

The result of this study
» pp collisions at +/s = 5.36T eV (CMS Run 3 pp)
* Fiducial region: pr > 5GeV,|y| < 2.4
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[1]CMS Collaboration, JHEP 04 (2013) 154, doi:10.1007/JHEP04(2013)154




Summary & Outlook

The study is based on CMS Run3 pp data(+/s = 5.36TeV)
«  Selection study for X(3872), P(2S)
+ Different fitting methods
* Measurement of cross sectio ratio
- Statistic & Systematic uncertainties
In the future
«  MC validation
« ML tools for multi-variable selection
- More complete uncertainties study

- PbPb dataset analysis
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Correlation Matrix
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B_norm_trklDxy - -0.001 0.018 0.028 0.012 -0.019 -0.011 -0.013 0.003 0.013 -0.001 0.001 -0.001 0.005 -0.015

B_norm_trkzDxy - 0,010 0,008 -0.037 0,011 -0.015 -0.015 -0.013 0,019 0,005 -0.007 -0,016 -0,013 0.034 -0.012 0.025

X
q;? ‘bﬂ

0.452 -0.002 0.067 -0.011 -0.063 -0.076 0.015 -0.131

0.009 -0.022 0.005 0.037 0.046 -0.008 0.1%94

0.019 -0.023 -0.002 0.054 0.061 0.002 0.243 0.015

1.000 -0.131 -0.148 0.194 0.243 -0.007 -0.010 0.003 0.019

1.000

-0.146 -0.056 0.013 0.005

0.003 -0.018 -0.001 -0.007
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1.000
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Correlation Matrix of different variables
from X(3872) MC
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Fit MC

° Ueff=6.17><10_3 ° Ueff=8.27X1O_3
+ sideband region [3.6,3.66] && [3.72,3.83] is + sideband region [3.72,3.83] && [3.91,4.0] is
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Sideband Region

sideband region is [3.6,3.66] && [3.72,3.83] && [3.91,4.0] GeV
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Performance of Optimal Cuts

« optimal cuts: optimal cut2 && cut4 && cutd
*  B_Qvalueuj < 0.095 && B_trk1dR<0.639 && B_trk2dR<0.64

& so00 Entries 402953
§ = Mean 3.771
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m j,, o+ - distribution after optimal cuts




